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Summary
Planar cell polarity (PCP) describes the polarization of cell
structures and behaviors within the plane of a tissue. PCP
is essential for the generation of tissue architecture dur-
ing embryogenesis and for postnatal growth and tissue
repair, yet how it is oriented to coordinate cell polarity
remains poorly understood [1]. In Drosophila, PCP is medi-
ated via the Frizzled-Flamingo (Fz-PCP) and Dachsous-Fat
(Fat-PCP) pathways [1–3]. Fz-PCP is conserved in verte-
brates, but an understanding in vertebrates of whether
and how Fat-PCP polarizes cells, and its relationship to
Fz-PCP signaling, is lacking. Mutations in human FAT4
and DCHS1, key components of Fat-PCP signaling, cause
Van Maldergem syndrome, characterized by severe
neuronal abnormalities indicative of altered neuronal
migration [4]. Here, we investigate the role and mecha-
nisms of Fat-PCP during neuronal migration using the mu-
rine facial branchiomotor (FBM) neurons as a model. We
find that Fat4 and Dchs1 are expressed in complementary
gradients and are required for the collective tangential
migration of FBM neurons and for their PCP. Fat4 and
Dchs1 are required intrinsically within the FBM neurons
and extrinsically within the neuroepithelium. Remarkably,
Fat-PCP and Fz-PCP regulate FBM neuron migration along
orthogonal axes. Disruption of the Dchs1 gradients by
mosaic inactivation of Dchs1 alters FBM neuron polarity
and migration. This study implies that PCP in verte-
brates can be regulated via gradients of Fat4 and Dchs1
expression, which establish intracellular polarity across
FBM cells during their migration. Our results also iden-
tify Fat-PCP as a novel neuronal guidance system and
reveal that Fat-PCP and Fz-PCP can act along orthogonal
axes.6Co-senior author
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In Drosophila, the Frizzled-Flamingo (Fz)-planar cell polarity
(PCP) pathway and the Dachsous-Fat (Fat)-PCP pathway,
which includes the protocadherins Fat and Dachsous (Ds)
together with the Golgi kinase Four-jointed (Fj) [1–3], can
work in sequence, in parallel, or independently to define
a vector of polarity within tissues. Genetic inactivation in
mice of Fat4 and Dchs1, the vertebrate homologs of Fat
and Ds respectively, affect the development of many organs,
including the kidney, lungs, skeleton, neural tube, and ear
[5–7]. With the exception of Fat4 regulation of orientated cell
divisions in the kidney tubules [6], it is unclear how these phe-
notypes arise and whether they are linked to PCP. Indeed,
Dchs1 and Fat4 also appear to influence Hippo signaling in
mammals [4, 8], as they do in Drosophila [9], though whether
this branch of Fat signaling is truly conserved remains uncer-
tain [10, 11]. Furthermore, in contrast to Drosophila, where it
is known that gradients of Ds and Fj across tissues establish
polarity, the mechanisms by which Fat4 and Dchs1 impart tis-
sue polarity in vertebrates are unknown.
The Fz-PCP pathway plays fundamental roles in neural
development, including tangential migration of facial bran-
chiomotor (FBM) and olfactory neurons [12–14]. FBM neurons
are cranial motoneurons that innervate jaw and facial muscles.
In the mouse, FBM neurons arise within rhombomere 4 (r4) of
the hindbrain at embryonic day 10.5 (E10.5). Between E11.5
and E13.5, FBM neurons undergo caudal and lateral migra-
tions tangentially, i.e., within the plane of the neuroepithelium
(Figures 1A, 1E, and 1J). At E11.5 migration is exclusively
caudal, and the FBM neurons stay at the midline, but by
E12.5, they also start to turn laterally, completing both the
caudal and lateral migrations within r6 (Figures 1A and 1E;
[13]). The FBM neurons finally migrate radially, i.e., out of the
plane of the neuroepithelium to form a condensed nucleus
within the pial layer of r6 by E14.5 (Figure 1N; see also Figures
S1A and S1D available online). The Fz-PCP pathway is essen-
tial for caudal tangential migration in mice and zebrafish, but
howmediolateral tangential migration is regulated is unknown
[15–18].
As tangential migrations contribute extensively to the archi-
tecture of the brain, and as a potential system for understand-
ing Dchs1-Fat4 regulation of PCP in vertebrates, we analyzed
FBM neuronal migration in Fat42/2 and Dchs12/2 mouse mu-
tants. Whole-mount in situ hybridization for Islet1, a moto-
neuronmarker, revealed that initiation ofmigration occurs nor-
mally, but by E12.5 the FBM neurons fail to migrate laterally
(Figures 1B–1D, 1F–1H, 1F0, and 1G0). This is in stark contrast
to Fz-PCP Vangl2mutants where FBM neurons cannot initiate
caudal migration but can undergo ectopic lateral migration
within r4 [18]. At E13.5, FBM neurons in Fat42/2 and Dchs12/2
mutants are still found at the midline, and migration is also de-
layed along the rostrocaudal axis; FBM neurons are still
located within r4 and r5 (Figures 1K–1M; Figure S1E). Within
r6, the FBM neurons have undergone radial migration but
have not reached the pial surface, in contrast to wild-type
FBM neurons (Figures S1D and S1F). This may reflect the
ectopic route of radial migration and may also reflect addi-
tional requirements of Fat4-Dchs1 during radial migration. By
Figure 1. Fat4 and Dchs1 Regulate Lateral Tangential FBM Neuronal Migration
Sketch of FBMneuronalmigration (A, E, J, andN) and flatmounts of a hindbrain wholemounted for Islet1 (B–D, F–I, and K–M), Hoxb1 (O andP), EphA4 (Q and
R), Tbx20 (S and T), and Cadherin 8 (Cadh-8) (U and V) expression in E10.5 (O–R), E11.5 (B–D), E12.5 (F–I and S–V), or E13.5 (K–M) wild-type (B, F, K, O, Q, S,
and U), Fat42/2 (C, G, L, P, and V),Dchs12/2 (D, H, M, R, and T), or Fat42/2Dchs12/2 (I) embryos. The trigeminal nucleus is indicated by a yellow arrow in (K)–
(M). The dashed lines indicate levels of sections shown in B0, C0, F0, and G0 and in Figures S1D–S1F; the ventricular layer is uppermost, themidline is outlined
in (B0) and (C0). The arrow in (F0) indicates the direction of FBM neuronal migration: initially there is a tangential lateral migration followed by a radial migration
from the ventricular layer to the pial surface. (B)–(D) and (F)–(H) are viewed from the ventricular surface and (K)–(M) from the pial surface. The FBM neurons
are arrowed in (S)–(V); Cadh-8 is expressed at the leading edge of the FBM neurons in wild-type (U) and Fat42/2 (V) embryos. m, medial; l, lateral; r3–r7,
rhombomeres 3–7. See also Figure S1.
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1621E14.5 a facial nucleus spanning r5 and r6 has formed abnor-
mally close to the midline in Fat42/2 and Dchs12/2 mutants
(Figures S1A–S1C). The severity of the FBMneuronalmigration
defect in Fat42/2 Dchs12/2 double mutants is the same as for
Fat42/2 or Dchs12/2 single mutants (Figure 1I), implying that
Fat4 and Dchs1 act as a dedicated signaling pair rather than
interacting with other Dchs or Fat genes [5]. Migration of the
trigeminal and glossopharyngeal neurons, which do not
require Fz-PCP, is unaffected in Dchs1 and Fat4mutants (Fig-
ures 1K–1M, yellow arrows; Figures S1G–S1L, black arrows).These data establish Fat4 and Dchs1 as novel regulators of
tangential neuronal cell migration.
In Drosophila, Fat regulates both PCP and also transcrip-
tion, via the Hippo pathway [9]. FBM neuronal migration is
regulated by extrinsic signals within the rhombomeres and
intrinsic signals within the FBM neurons themselves. To help
exclude transcriptional changes that would influence migra-
tion, the expression of Hoxb1, the r4 determination factor,
and EphA4, a marker of r3 and r5 identity, together with
Tbx20, Nkx6.1, Ret, neogenin, and cadherin8, all factors that
Figure 2. FBM Neurons Fail to Polarize in Fat42/2 and Dchs12/2 Mutants
(A–C) Immunolocalization showing the polarity of the Golgi (red) in migrating FBM neurons (blue, Islet1 staining) at E12.5 in wild-type (A), Fat42/2 (B), and
Dchs12/2 (C) embryos. (A0)–(C0) are higher-power images of the leading (caudal) edge. The arrows and arrowheads indicate the long axis of the nucleus and
point toward the position of theGolgi apparatus. The angles of the arrows relative to themidlinewere scored for each neuron and quantified in the Rose plots
below each image (A0 0–C0 0). In wild-type embryos, the FBMneurons become polarized caudal-laterally at E12.5. This polarization does not occur in Fat42/2 or
Dchs12/2 mutants.
(legend continued on next page)
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1623are expressed during the different phases of FBM neuronal
tangential migration through r4 to r6, were analyzed [19–22].
Axonal patterning and guidance were also analyzed in
Fat42/2 and Dchs12/2 mutants. These were found to be un-
changed, indicating that transcriptional regulation of hindbrain
patterning and FBM neuronal identity is intact (Figures 1O–1V;
Figures S1M–S1O; data not shown).
To determine whether Fat4 and Dchs1 regulate PCP, we
next analyzed the localization of the Golgi apparatus, a marker
of neuronal cell polarity [23–26]. Inmigrating neuronal cells, the
Golgi apparatus is found at the leading edge. In wild-type em-
bryos at E12.5, as the FBM neurons enter r6 and are turning
laterally, the localization of the Golgi relative to the nucleus be-
comes strongly polarized in a lateral-caudal direction (Figures
2A–2A0 0; Rayleigh test, p < 10212). In Fat42/2 andDchs12/2mu-
tants, this polarization does not occur; instead the Golgi are
far more randomly localized (Figures 2B–2B0 0 and 2C–2C0 0;
Rayleigh test, Dchs12/2, p = 0.046, Fat42/2, p = 0.05). We
also stained hindbrains with phalloidin, to reveal the F-actin
cytoskeleton and cell shape. In wild-type embryos, FBM cells
are elongated and long actin cables are observed along the di-
rection of neuronal migration, whereas in Dchs12/2 mutants,
the FBM neurons are more rounded, particularly at the front
of the neuronal stream within r6, and the actin filaments are
shorter and less organized (Figures 2D–2F). Thus, FBM neu-
rons become polarized in both shape and orientation along
their direction of migration, and this polarity requires Dchs1
and Fat4.
In Drosophila, cells are polarized by the graded expression
of Ds and Fj through differential binding of Ds-Fat hetero-
dimers, which is sensitive to the relative amounts of Ds, Fat,
and Fj (Figure 3G) [2, 3]. The graded expression of Ds estab-
lishes this polarity, and this polarization is enhanced by the
Fj gradient. To understand how Fat4 and Dchs1 direct polarity,
and whether mechanisms of Fat-PCP are conserved between
Drosophila and vertebrates, we analyzed the expression of
Fat4 and Dchs1 in E12.5 hindbrains by immunolocalization
and in situ hybridization (Figures 3A–3A0 0and 3C–3C0 0; data
not shown). Background levels of antibody binding were
determined by immunostaining Fat42/2 and Dchs12/2 mutant
hindbrains (Figures 2B, 2B0, 2D and 2D0). In wild-type embryos,
Fat4 and Dchs1 proteins were detected within the neuroepi-
thelium and the FBM neurons (Figures 3A–3A0 0 and 3C–3C0 0).
Quantification of expression levels within the neuroepithelium
showed that Dchs1 and Fat4 are expressed in opposing gradi-
ents across the mediolateral axis, i.e., along the direction of
lateral FBMneuronalmigration. Expression of Dchs1 is highest
medially, whereas Fat4 expression is highest laterally (Figures
3E and 3E0). There are also variations from rostral to caudal:
Dchs1 expression is slightly higher rostrally, while Fat4
expression is slightly higher caudally (Figures 3A–3A0 and
3C–3C0). Fjx1 is expressed in a complementary gradient
to Dchs1 within the neuroepithelium (Figures S1P–S1P0 0).(D–F) Phalloidin staining (red) of the FBM neurons (Islet1 staining, blue) in wild-
leading edge and FBM cells in the center of the neuronal stream are shown in th
0 is a circle and 1 is an ellipse. (D0) and (E0) show the phalloidin staining alone. W
tion, while Dchs12/2 FBM neurons show a less organized F-actin cytoskeleton
(G–L) Tissue-specific requirements of Fat4 and Dchs1 within the neuroepithe
(Islet1 staining, blue) at E12.5 (G–L) together with higher-power images of the
Golgi (red) immunostaining (G0–L0) and Rose plots of Golgi orientation (G0 0–L0
Dchs1f/+ (J), Islet1CreFat4f/2 (K), and Islet1CreDchs1f/2 (L) E12.5 embryos. The
caudal; M, medial; L, lateral.
See also Figure S3.Fjx12/2 mutants do not have any detectable FBM neuronal
migration or Golgi polarity defects (Figures S1Q, S1R, S1T–
S1T0, and S1U–S1U0), but we note that Drosophila fj mutants
have weaker phenotypes than ds or fatmutants. Our observa-
tions provide the first indication that gradients or differential
expression of Fat4 andDchs1 across a tissuemay direct polar-
ized cell behaviors in vertebrates, as their homologs in
Drosophila do (Figures 3F and 3G) [10]. Although Fat is gener-
ally not expressed in a gradient inDrosophila (aside from in the
wing [27]), modeling implies that gradients of either Dchs1 or
Fat4 could promote their polarization [28]. Opposing gradients
of Dchs1 and Fat4 would be predicted to reinforce this polar-
ization (Figures 3F and 3F0).
FBM neurons migrate toward the region of highest Fat4
expression and away from the regions of highest Dchs1
expression. We considered three potential models for how
Fat4 and Dchs1 might function. First, Fat4-Dchs1 signaling
may regulate the expression of a factor essential for migration.
Second, differential cell adhesion between Fat4- and Dchs1-
expressing cells may promote the formation of stable lamelli-
podia toward the area of highest Fat4 expression (or reduce
protrusion stability in areas of high Dchs1 expression). Third,
the differential expression of Fat4 and Dchs1 across the hind-
brain may establish both intracellular polarity and polarity
across the neuronal stream, ensuring each cell knows the
‘‘front from the back.’’
In Drosophila, the graded binding activity of Ds and Fat
across a tissue establishes cell polarity through a mechanism
that depends upon local cell-cell interactions; indeed, polari-
zation of cells by juxtaposition of cells with substantial differ-
ences in Ds expression levels can propagate through a tissue
(Figure 3G) [29–31]. Our expectation is that the gradients of
Dchs1 and Fat4 lead to their polarization within cells, as in
Drosophila (Figures 3F and 3F0). The mediolateral gradient of
Dchs1 will promote the accumulation of Fat4 on the medial
side of the cells, whereas the lateral-medial gradient of Fat4
will promote the accumulation of Dchs1 on the lateral side (Fig-
ure 3F0). Therefore, each cell is expected to be characterized
by differential localization of both Fat4 and Dchs1 across its
mediolateral axis. While we could not directly visualize polari-
zation of Fat4 or Dchs1 by antibody staining, direct detection
of Ds or Fat polarization is also not readily detected by simple
antibody staining inmostDrosophila tissues [30, 31]. However,
a hallmark of this type of mechanism is that it can be easily dis-
rupted by small patches of mutant cells, because they block
cell-to-cell propagation of PCP (Figure 3H). Conversely, alter-
native mechanisms, such as differential cell adhesion or tran-
scriptional or other mechanisms that depend simply upon
Dchs1 or Fat4 levels, could be expected to tolerate small
patches of mutant cells.
To distinguish between these mechanisms, we generated
random genetic mosaics with small patches of Dchs12/2 cells
by using a conditional Dchs1mT/mG allele in which tamoxifentype (D) and Dchs12/2 (E) E12.5 embryos. Outlines of the cell shapes at the
e insets below. The cell shape of the FBM neurons is quantified in (F), where
ild-type FBM neurons display actin cables aligned in the direction of migra-
.
lium and the FBM neurons. Low-power images of FBM neuronal migration
leading caudal edge of the FBM neuronal stream showing Islet1 (blue) and
0) in Hoxa3CreDchsf/+ (G), Hoxa3CreFat4f/2 (H), Hoxa3CreDchsf/2 (I), Islet1Cre
midline is indicated by the two white dashed lines in (G)–(L). R, rostral; C,
Figure 3. Gradients of Fat4 and Dchs1 Expression May Regulate FBM Neuronal Migration
(A–D) E12.5 mouse hindbrains, stained for Islet1 to mark FBM neurons (blue) and Dchs1 (A and B, green) or Fat4 (C and D, red).
(A0 0 and C0 0) High-power views of the FBM neurons.
(legend continued on next page)
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1625treatment activates Cre recombinase and GFP expression
in a tomato background. Mosaics were generated in either
Dchs1f/2 (i.e., Dchs12/2 cells in a Dchs1+/2 background) or
Dchs1f/f (i.e., Dchs12/2 cells in a Dchs1+/+ background). The
degree of tamoxifen-induced recombination was determined
by quantifying the percentage of GFP-expressing cells, which
depends upon Cre expression in this background (Figure 3I).
This showed that tamoxifen treatment affects the FBM neu-
rons and the surrounding neuroepithelial cells almost equally
(Figure 3I). We also confirmed reduction in Dchs1 expression
by qPCR (Figure 3J).We found that bothmigration and polarity
(neuronal shape and directionality, Golgi polarity) of the
FBM neurons were significantly disrupted in mosaics, with
the severity of the disruption depending upon the tamoxifen
dose, correlating with the proportion of Dchs12/2 cells (Fig-
ures 3I, 3J, 3M, and 3N; Figures S2A–S2D; Rayleigh test for
Golgi polarization, wild-type p < 10212: Dchs1 mosaics, p >
0.5; Mardia-Watson-Wheeler analysis for the difference
between controls and mosaics, p < 10212). Consistent with
our hypothesis that Fat4-Dchs1 act through PCP, even mo-
saics consisting of as few as 30% Dchs12/2 mutant cells in a
wild-type background exhibited disruptions of polarity and
migration of FBM neurons (Figures 3K, 3K0 0, and 3L–3L0 0). As
FBM neuronal migration is normal in Dchs1 heterozygous
embryos, our observations strongly imply that continuous
expression of Dchs1 across the hindbrain is required for
PCP. We also examined mosaics generated in Dchs1f/+ (i.e.,
Dchs12/+ cells in aDchs1+/+ background). These did not visibly
disrupt FBM neuronal migration or polarity (Figure 3M), which
we interpret as indicating that local, 2-fold differences in
Dchs1 levels are not sufficient to disrupt PCP. Extreme differ-
ences in Ds expression levels disrupt PCP in Drosophila [3, 4],
but a local 50%difference in Fat levels does not abolish normal
polarity in Drosophila wing cells [31].
In zebrafish, Fz-PCP pathway components are required for
polarity and migration cell autonomously within the FBM and
non-cell autonomously within the neuroepithelial cells [14,
32]. Fat4 and Dchs1 are expressed both within the FBM neu-
rons and the neuroepithelium; to determine where they act
we conditionally inactivated them either in the FBM neurons
using Islet1Cre (Figures S3H–S3K) [33] or in the neuroepithe-
lium using Hoxa3Cre (Figures S3A–S3D) [34]. Hoxa3Cre is ex-
pressed within r5 and r6, where FBM neurons undergo lateral
migration, but does not affect r4, where they originate(B and D) Antibody stains on mutant embryos, as a control for background sta
(E and E0) Intensity scan across the dashed line in (A) and (C), respectively, to
(F) Illustration of the Dchs1 and Fat4 expression gradients.
(F0) Predicted intracellular localization of Dchs1 and Fat4 across the mediolate
(G) Illustrates a field of cells polarized (indicated by polarized localization of p
(H) Illustrates the expected consequences of small patches of Dchs12/2 cells (w
can propagate into neighboring cells. Consequently, even though overall Dchs
(I–L) Cre-induced mosaic reduction in Dchs1 expression.
(I) The percentage of GFP-positive cells, i.e., levels of mosaicism at different tam
SEs (n = 3).
(J) qPCR of Dchs1 expression in the hindbrain relative to heterozygous and w
(K and L) Effect of a mosaic of Dchs12/2 cells on FBM neuronal migration in a w
embryo. For clarity, FBM neurons are outlined.
(L0) High-power view of the leading edge of the FBM neuronal stream shown i
(K0 0 and L0 0) Golgi polarity in the FBM neurons in (K) and (L) is quantified in Ros
(M andN) Effect of amosaic ofDchs12/2 cells on FBMneuronalmigration in a he
cells in a wild-type background), and (N) is a Dchs1f/2Cre+ve embryo (Dchs12/2
munostaining (blue) in (K)–(L0). The degree of mosaicism is indicated by the GFP
and orientation of FBM neurons are outlined in (M), (N), and (L0).
See also Figure S2.(Figure S3A). Inactivation of either Dchs1 or Fat4 in the neuro-
epithelium or Dchs1 in the FBM neurons totally blocked lateral
migration and disrupted FBM neuronal polarity (Figures 2G–
2J, 2G0 0–2J0 0, 2L, and 2L0 0; Figures S3E–S3G, S3L, and S3N;
Rayleigh test for Golgi polarity, control, p < 10212; Hoxa3Cre
Dchs1f/2, p = 0.9; Islet1CreDchs1f/2, p = 0.15; Hoxa3CreFat4f/2,
p = 0.05). Inactivation of Fat4 within the FBM neurons had a
less severe effect on migration but did affect their polarity
and coordinated cell behavior (Figures 2K–2K0 0; Figures S3L
and 3M; Rayleigh test for Golgi polarity, control, p < 10212;
Islet1CreFat4f/2, p = 4 3 1024). Thus, Dchs1 and Fat4 are each
required both within the FBM neurons and the cells through
which they migrate for normal polarity and migration. These
observations are consistent with amechanism inwhich the po-
larity of individual cells within the FBM neuronal stream influ-
ences their migration, and this polarity is established both by
interpretation of the long-range gradients of Dchs1 and Fat4
across the hindbrain neuroepithelium, and also by local cell-
cell interactions that communicate the polarization of individ-
ual cells to their neighbors. The distinct requirements for
Dchs1 versus Fat4 in the FBM neurons raise the possibility
that FBMneuronal polarity is primarily dependent upon the po-
larization of Dchs1, which is absolutely dependent upon inter-
action with Fat4 in the neuroepithelium, but only partially
dependent upon interaction with Fat4 within the FBM neurons
themselves. Dchs1 within the neuroepithelium could then be
required to establish polarization of Fat4. However, it is also
possible that differences in the effectiveness of excision, or
the stability of Dchs1 versus Fat4 proteins, could account for
the distinct effects of Islet1Cre-mediated excision.
In Fat42/2 or Dchs12/2 mutants, the FBM neurons cannot
turn laterally within r5 and r6. By contrast, in the absence of
Vangl2, a key Fz-PCP component, FBM neurons do not initiate
caudal migration, but undergo ectopic lateral migration within
r4 [15, 17, 18] (Figures 4A and 4B). As Dchs1 and Fat4 are also
expressed in opposing mediolateral gradients within r4 (Fig-
ures 3A, 3A0, 3C, and 3C0), we hypothesized that Fat-PCP
guides this ectopic lateral migration in the Fz-PCP mutant,
with Fz-PCP and Fat-PCP operating independently across
orthogonal rostral-caudal and mediolateral axes. To test this,
we analyzed FBM neuronal migration in Vangl2Lp/Lp Fat42/2
double mutants. Indeed, the ability of the FBM neurons, but
not the control trigeminal neuron, to migrate laterally in
Vangl2Lp/Lp mice is reduced in the absence of Fat4 (Figuresining.
quantify expression gradients.
ral axis of cells.
ink lines) in response to a Dchs1 gradient (green).
hite). Cells locally repolarize around themutant cells, and this repolarization
1 expression is only modestly affected, PCP is severely disturbed.
oxifen doses in the neuroepithelium and FBM neurons. Bars in (I) and (J) are
ild-type mice in mosaics in Dchs1f/2 and Dchs1f/f backgrounds.
ild-type background. (K) is the control Cre2ve embryo, and (L) is the Cre+ve
n (L).
e plots.
terozygous background. (M) is the controlDchs1f/+Cre+ve embryo (Dchs1+/2
cells in a Dchs1+/2 background). FBM neurons are visualized by Islet1 im-
cells (green) in a tomato background (red inM andN), and the nuclear shape
Figure 4. Fat-PCP and Fz-PCP Act along Orthog-
onal Axes to Guide FBM Neuronal Migration
(A) Schematics showing Fz-PCP and Fat-PCP
regulation of FBM neuronal tangential migration
along orthogonal axes. The blue circles/ellipse
indicate the final position of the FBM at E14.5 in
wild-type, Fat42/2 (and Dchs12/2), Vangl2LpLp,
and Vangl2LpLp Fat42/2 mouse mutants.
(B–D) FBMneuronalmigration visualized by Islet1
immunostaining (red, arrow) in Vangl2LpLp (B) and
Fat42/2/Vangl2LpLp (C) E13.5 embryos. The FBM
neurons have been viewed from the pial surface.
The midline is indicated by a dashed line. The
extent of lateral migration of the FBM, and of
the control trigeminal neuron that is unaffected,
is quantified in (D). r, rhombomere; t, trigeminal.
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16264A–4D). Thus Fat-PCP can act as a global cue across r4–r6 to
regulate FBM neuronal mediolateral polarity and migration.
Collective cell migrations are essential for the embryonic
development of many tissues and also occur postnatally dur-
ing wound healing or the invasion of cancer cells. The mecha-
nisms that control collective cell migrations ensuring polarity
and coordination of cell movement are unclear, although the
Fz-PCP pathway has been clearly implicated [35]. Here we
show that Fat4 and Dchs1 are essential for the collective
migration of FBM neurons. Our data establish the FBM neu-
rons as a paradigm for Fat-PCP regulation of polarized cell be-
haviors in vertebrates and establish Fat4 and Dchs1 as a new
class of guidance molecules. Our studies have also identified
a novel form of tissue polarity in which Fat-PCP and Fz-PCP
regulate polarity along orthogonal axes. Finally, we note that
mutations in human DCHS1 and FAT4 cause Van Maldergem
syndrome [4], a multisyndromic genetic disease whose symp-
toms include intellectual disability indicative of neuronal
migration defects [36]. To date, loss of Fat4-Dchs1 signaling
has been shown to regulate cortical cell proliferation, but a
clear demonstration of Fat4-Dchs1 regulation of neuronal
migration has not been shown [4]. Since Dchs1 and Fat4 are
widely expressed in other brain regions [5, 37], we hypothesize
that Fat-PCP regulates the migration of other neuronal cell
types and that deregulation of Fat-PCP might also be linked
to other neuronal pathologies characterized by altered cell
migration such as epilepsy and autism spectrum disorders.
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